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BANDWIDTH ESTIMATION BASED ON
LOCATION IN A WIRELESS NETWORK

CROSS REFERENCES

The present Application 1s a continuation of U.S. patent
application Ser. No. 14/200,607, titled: “BANDWIDTH
ESTIMATION BASED ON LOCATION IN A WIRELESS
NETWORK.,” filed on Mar. 7, 2014, now U.S. Pat. No.
9,788,220, which claims priority to U.S. Provisional Patent
Application No. 61/793,415, titled: “BANDWIDTH ESTI-
MATION BASED ON LOCATION IN A WIRELESS NET-
WORK.,” filed on Mar. 15, 2013, which 1s assigned to the
assignee hereof. Each of these disclosures are incorporated
by reference herein.

TECHNICAL FIELD

This disclosure relates generally to methods and systems
for estimating the bandwidth at a particular location 1n a
wireless network, and more particularly to estimating band-
width at a particular location in a wireless mesh network.

BACKGROUND

It can be diflicult to predict how a network will perform
for a given user at a particular location. Even for wired
Internet networks (such as cable and DSL), factors such as
the amount of trathic on the network and the distance from
a station can aflect the performance of the network, and thus
the experience of a particular user in the network.

Many of these complications are magnified in a wireless
network. For example, if an ISP provides Internet access
through a wireless network (such as, for example, a mesh
network) the quality of the connection at a given point can
be diflicult to predict. Factors such as the distance to a
particular node 1n the network, the presence of interference,
changes 1n foliage, and other factors can aflect signal quality
and thus the quality of the user’s experience. The difliculty
of predicting how the network will perform at one location
versus another can make 1t diflicult to know which individu-
als to approach about using the ISP’s network, and what sort
ol performance the potential subscriber can expect.

BRIEF SUMMARY OF THE INVENTION

This disclosure, 1n one aspect, relates to approaches for
analyzing a signal 1in a wireless network. The analysis may
be of a signal for accessing the Internet through a wireless
mesh network provided by an Internet Service Provider
(ISP). In such a system, wireless nodes may be distributed
throughout a geographic area (such as a neighborhood or
city) and the analysis may be part of evaluating the pertor-
mance of the network at a particular location.

A performance determination apparatus may include a
signal recerver module for recerving a signal to be analyzed.
In one embodiment, the signal receiver module 1ncludes a
4x4 MIMO receiver. A location module may be configured
to determine the location at which the signal analysis
module receives the signal under analysis. The location
module may, for example, include a GPS unit. A signal
analysis module may perform a signal analysis of the signal
and may store data values relating to the quality of that
signal. The signal analysis module may, for example, collect
received signal strength indicator (RSSI) on one or more
receive chains of the recerver used to analyze the signal.
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The signal analysis module may analyze various aspects
of signal quality. The signal analysis module may estimate

the bandwidth available at the location using the signal, may
estimate the latency at the location, and other parameters
associated with the quality of the signal. A report module
may represent the quality of the signal graphically for users;
for example, the report module may overlay a representation
of the signal quality on a map of the area.

A placement module may recommend where to place
customer premises equipment (CPE) at the location in order
to maximize signal quality. The placement module may also
recommend specific hardware that, given the characteristics
of the signal, may help improve network performance using
the signal.

Also disclosed 1s a method for acquiring additional sub-
scribers for a wireless network provider. The method may
involve i1dentifying a potential subscriber of a wireless ISP
that provides Internet access through a mesh network and, at
the location of the potential subscriber, receiving and ana-
lyzing a wireless signal from at least one node 1n the mesh
network. The method may also involve, based on the analy-
s1s, estimating the bandwidth and other network perfor-
mance characteristics of the mesh network at the location of
the potential subscriber.

The method may also 1involve 1dentifying possible causes
of iterference of signal degradation and taking steps to
reduce that interference. The method may further mvolve
determining an estimated cost per bandwidth unit of com-
peting ISPs 1n the area and, based on the estimated band-
width available from the wireless ISP (as determined by the
signal analysis), oflering Internet access at a price that 1s the
same as, or lower than, the cost per bandwidth unit offered
by competitors.

Other aspects, as well as the features and advantages of
various aspects, of the present invention will become appar-
ent to those of ordinary skill in the art from the ensuing
description, the accompanying figures, and the appended
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

A further understanding of the nature and advantages of
the embodiments may be realized by reference to the fol-
lowing drawings. In the appended figures, similar compo-
nents or features may have the same reference label. Further,
various components of the same type may be distinguished
by following the reference label by a dash and a second label
that distinguishes among the similar components. If only the
first reference label 1s used 1n the specification, the descrip-
tion 1s applicable to any one of the similar components
having the same first reference label irrespective of the
second reference label.

FIG. 1 illustrates multiple data streams 1n a 4x4 MIMO
system:

FIG. 2 1llustrates an occurrence of multipath situations 1n
MIMO processing;

FIGS. 3A-3D illustrate various rates available using
302.11n;

FIG. 4 1llustrates one embodiment of the use of a block
acknowledgement for multiple frames;

FIG. 3 1llustrates one embodiment of a location estimator
in connection with a laptop computer;

FIG. 6 illustrates one embodiment of a map comprising a
graphical representation of signal quality;

FIG. 7 1s a schematic block diagram illustrating one
embodiment of a performance determination apparatus com-
municating with nodes in a network; and
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FIG. 8 1s a schematic flow chart diagram illustrating one
embodiment of a method for estimating wireless perfor-

mance at a location 1n an ISP’s network.

While the embodiments described herein are susceptible
to various modifications and alternative forms, specific
embodiments have been shown by way of example in the
drawings and will be described 1n detail herein. However,
the exemplary embodiments described herein are not
intended to be limited to the particular forms disclosed.
Rather, the instant disclosure covers all modifications,
equivalents, and alternatives falling within the scope of the
appended claims.

DETAILED DESCRIPTION

There are several key technologies and features in the
802.11n standard. This section includes a brief technical
treatment of various sigmficant technologies.

One significant technology i1s high throughput physical
layer (PHY): MIMO. The new PHY supports OFDM modu-
lation with additional coding methods, preambles, multiple
streams and beam-forming. These can support higher data
rates, and a much larger range of data rates than earlier
802.11 standards. One example 1s the Multiple Input, Mul-
tiple Output (MIMO) technique that 1s synonymous with
802.11n. One approach to creating high throughput PHY 1s
to create 40 MHz channels. Two adjacent 20 MHz channels
are combined to create a single 40 MHz channel. This
relatively simple technique (already used 1n some point-to-
point bridges and consumer equipment) can more than
double the effective data rate under a given set of RF
conditions.

Another significant technology 1s Eflicient MAC: MAC
aggregation. Two MAC aggregation methods are supported
to efliciently pack smaller packets into a larger frame. This
reduces the number of frames on the air, and reduces the
time lost to contention for the medium, improving overall
throughput.

Efficient MAC: Block acknowledgement 1s another sig-
nificant technology. This 1s a performance optimization
where one acknowledgement can cover many transmitted
frames: an ACK 1s no longer required for every frame. This
1mpr0vement can be particularly valuable for streaming
trailic such as video. This technique was first introduced in
802.11e.

Power saving: power save multi-poll 1s an extension of
the U-APSD and S-APSD concepts introduced 1n 802.11e.

Various techmiques can be used to provide High through-
put PHY. High Throughput PHY: MIMO 802.11n achieves
significant improvements 1n performance through the use of
MIMO. In MIMO, the transmitting and receiving stations
cach have multiple RF chains with multiple antennas. For
example, a MIMO system may have two transmitting and
two receiving antennas (2:2). Fach antenna may be con-
nected to 1ts own RF chain for transmit and receive. One
possible advantage to such an architecture 1s that 1t allows
signals received at each antenna to be decoded indepen-
dently. The baseband processing on the transmit side can
synthesize diflerent signals to send to each antenna, while at
the recerver the signals from different antennas can be
decoded 1ndividually.

Under normal, line of sight conditions, the receiving
antennas all “hear” the same signal from the transmitter.
Even 11 the receiver uses sophisticated techniques to separate
the signals heard at antennas 1 and 2, 1t 1s left with the same
data. In some circumstances, 1f the transmitter attempts to
send different signals to antennas A and B, those signals will
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arrive simultancously at the receiver, and will effectively
interfere with each other. In such a situation, 1t 1s not always
possible to better the performance of a non-MIMO system:;
it 1s often as effective to use only one antenna at each station.
Nearly all 802.11 stations built to date use two antennas.
However, these stations do not use MIMO-—the radio 1n the
station switches a single radio chip from one antenna to the
other, so only one 1s used at any time. Using two antennas
in this way helps to negate the eflects of multipath; when one
antenna 1s 1n a multipath ‘null’, the other antenna 1s likely to
have a better signal. It 1s generally reckoned that using
antenna diversity in this way improves overall reception by
perhaps 3-6 dB, although the eflect 1s of course statistical.
MIMO 1s different 1n that both antennas are driven by or
receiving signals at all times, and those transmitted signals
need not be identical.

FIG. 1 1llustrates one embodiment of a 4x4 MIMO system
with four independent data streams 100. In the depicted
embodiment, streams may be combined 105 for enhanced
reliability, as described above. FIG. 2 1llustrates one embodi-
ment of multipath eflects 200 that may result 1n difhiculty
receiving a signal due to multipath reflections. A receiving
antenna 205 will see diflerent signals 210, 212 from each
transmit antenna 215. Distortion of the RF channel can be
extremely complicated, but often amounts to multipath
reflections. The transmit antenna 215 radiates a signal over
a broad arc, and 1t reflects ofl various objects 220, 225 1n the
surrounding area as seen 1n FIG. 2. Each reflection entails a
loss of signal power, and the longer the retlected path, the
more delay 1s introduced relative to a line-of-sight signal. In
the past, multipath has been the enemy of radio systems, as
the receiver sees a dominant signal (line of sight if it 1s
present), and all the multipath signals tend to 1nterfere with
it, eflectively acting as noise or interference and reducing the
overall throughput of the system. Multipath eflects also
change over time, as objects 1n the path move, and move-
ment of retlecting objects results 1n a Doppler shift of the
frequency of the received signal, further complicating the
control mechanisms needed to counter multipath.

Often, 1t 1s favorable to have each transmit/receive pair
operate with a completely independent RF path: a 2x2 (2
antennas at each station) system will have double the
throughput of a single-antenna 1x1 system, and a 3x3
configuration could extend to triple the throughput. 802.11n
defines MIMO configurations from 2:1 to 4x4 antennas and
spatial streams.

MIMO 1s the often considered the most diflicult aspect of
802.11n to understand: multipath (reflected RF between
transmitter and recerver) 1s normally the enemy of perfor-
mance, but with MIMO, multipath can be used construc-
tively. Line of sight normally gives the best performance, but
with MIMO 1t generally provides just baseline data rates.
However retlected signals are usually much weaker than
primary, line-of-sight signals. Even though losing line-oi-
sight may allow use of more RF paths and hence the additive
MIMO eflect, the signal-to-noise ratio of each path may be
considerably worse than previously. It can be difficult to
predict the relative weight of these two opposing etlects
without extensive field testing.

MIMO generally works best when antennas are posi-
tioned more than half a wavelength apart. For 5.5 GHz, half
a wavelength 1s about 2.7 cm or one inch. The 802.11n
standard mandates at least two spatial streams (antennas) for
access points and one spatial stream for client devices, with
a maximum of 4 spatial streams per device.

One key question 1n MIMO systems 1s how to tune the
transmit signals at different antennas for optimum reception
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at the receiver. 802.11n offers two methods for this. Implicit
teedback requires the MIMO receiver to transmit long
training symbols, which are received by the MIMO trans-
mitter. There 1s an assumption that the RF channel’s char-
acteristics are reciprocal, and that the transmit and receive
radios at each end are identical, and under these conditions
the measurements will be valid in the MIMO transmit
direction.

Implicit feedback 1s not generally held to be a promising
method 1n practice, so a second, explicit feedback mecha-
nism has also been defined. The MIMO transmitter 230
sends a long series of training symbols which the MIMO
receiver 235 analyses so as to characterize the differential
path loss and delay for each antenna 205, 215 and spatial
stream. The receiver 2335 then sends this information back to
the transmitter 230 which can optimize the transmit signals
210, 212 and modulation for the RF path characteristics.

This 1s a complicated procedure, as many calculations
must be performed and RF conditions may be changing
rapidly, requiring continuous adjustment. Since 802.11n
uses OFDM, each symbol 1s modulated around many car-
riers rather than only a single carrier, and each carrier should
generally be measured for each transmit-receive antenna
pair for full characterization. But explicit feedback (MRQ)
can be an important mechamism in enabling MIMO.

Transmit beamforming (TxBF) 1s a technique that has
been used 1n radio for many years, and has been applied to
carlier forms of Wi-F1 by some startup companies in recent
years. In 802.11n, beamiforming will allow an AP to ‘focus’
its transmission to a particular client in the direction of that
client (and vice versa for a client with multiple antennas),
allowing higher signal to noise ratios and hence higher data
rates than would otherwise be the case. Beamiforming APs
can target multiple clients, but typically do so for unicast
frames.

By carefully controlling the time (or phase) of the signal
transmitted from multiple antennas, 1t 1s possible to shape
the overall pattern of the received signal, emulating a
higher-gain, or directional antenna in the direction of the
target. The same 1mplicit and explicit feedback mechanisms
used to characterize the MIMO channel can also allow
beamforming.

In practice, beamforming may be used when MIMO with
SDM 1s not feasible, as 1n line-of-sight conditions. This 1s
because beamiorming generally aims to produce a single,
coherent RF signal at the receiver, while SDM relies on
multiple, independent signals. Beamiorming and MIMO
SDM are in fact similar techmiques; MIMO has been
described as beamiforming to steer antenna pattern nulls to
different receive antennas.

Beamforming will generally work well with only 802.11n
clients as 1t relies heavily on feedback messages from the

client.
Harlier versions of 802.11 have used 20 MHz channels,

defined 1n the 2.4 GHz and 5 GHz bands. Some vendors
have increased throughput, particularly in point-to-point
bridging applications, by using two adjacent channels simul-
taneously, usually modulating each channel separately then
combining the streams at the far end to provide a 40 MHz
channel.

802.11n specifies operation 1n the same 20 MHz channels
used by 802.11b/g 1n the 2.4 GHz and 802.11a 1n the 5 GHz
bands, but adds a mode where a full 40-MHz wide channel
can be used. As might be expected, this oflers approximately
twice the throughput of a 20 MHz channel. However, while
in the 5 GHz band, the channels are defined as pairs of
existing 20 MHz channels; the channels do not line up with
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previously-defined 20 MHz channels 1n the 2.4 GHz band.
This means that when a 40 MHz channel 1s used in 2.4 GHz,
it will interfere with all possible 802.11b/g channels: eflec-
tively, 802.11n can generally be used only in 2.4 GHz 1n one
channel, and 1n the absence of 802.11b/g users.

Radio systems have to adapt to the signal and noise
characteristics of the RF path, and they usually accomplish
this by changing the modulation rate. For a given signal to
noise ratio (SNR), the system will change the modulation
rate to provide the best compromise between data rate and
error rate: at any point, modulating for a higher data rate will
increase the error rate. This 1s a continuous decision-making
process with the transmitter relying on feedback from the
receiver about i1its SNR 1n order to adjust the transmit
modulation.

While 802.11a and g specily 7 rates (6, 12, 18, 24, 36, 48
and 54 Mbps), 802.11n provides many more: over 300.
However, the basic set 1s of 8 rates as shown 1n FIG. 3A.
FIG. 3A shows a set of rates for one spatial stream 1 a 20
MHz RF channel and with an 800 nsec guard-interval and
“equal modulation” on all spatial streams 300. This basic set
of rates 1s comparable to the 802.11b/g rates above: each rate
1s 1mproved by about 8% (e.g. 18 to 19.5 Mbps) by using
slightly wider bandwidth and improved modulation. The 65
Mbps rate has no equivalent in 802.11a/g.

Other rates are generally dertved in multiples of the basic
rates above 305.

Retferring now to FIG. 3C and FIG. 3D, the 40 MHz
channel allows slightly more than twice the data rate of tw
20 MHz channels 310 while the shorter 400 nsec guard
interval allows slightly higher data rates than 800 nsec 315.
For a given system, the range of choices will be smaller than
the tables 1n FIG. 3 would indicate, because some of these
factors are fixed for a given system.

As discussed elsewhere, a 40 MHz channel will not often
be feasible for an enterprise deployment in the 2.4 GHz
band. However 40 MHz channels are likely to be widespread
in the 5 GHz band.

As described above, a 3x3 system will normally support
3 spatial streams. However, where there 1s msuflicient RF
path 1solation between streams, even a 3x3 system may not
be able to support 3 diverse streams. Also, a 3x1 system only
supports one spatial stream, and many clients may initially
be equipped with only one antenna.

The guard 1nterval 1s the time between OFDM symbols 1n
the air. Normally 1t will be 800 nsec; there 1s generally an
option for a 400 nsec guard interval, but as noted above,
reliable detection with this value may be challenging under
normal conditions.

When data arrives at the PHY layer for transmission, 1t 1s
often scrambled and coded. This alters 1ts spectral charac-
teristics 1n order to achieve the best signal to noise ratio, and
also 1icludes built-in error correction, commonly known as
convolutional coding. The 802.11n standard includes block
convolutional coding (BCC), as included 1n previous 802.11
standards, and also adds an option for low density parity
check LDPC coding, which can improve eflective through-
put for given RF conditions.

All spatial streams may use the same (equal) modulation,
or they may carry diflerent (unequal) modulation and cod-
ing. An example might be where there are three spatial
streams with good MIMO characteristics, but one stream has
a high noise floor or a low signal level; under these condi-
tions, the weak stream would support a lower data rate than
the other streams.

There also exist various techniques to enhance the MAC
layer. One such technique 1s frame aggregation. Since a
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client (or AP) must contend for the medium with every
frame 1t wishes to transmait, and contention, collisions on the
medium and backofl delays waste time that would otherwise
be used for sending usetul traflic, 802.11n 1ncorporates
mechanisms to aggregate frames at stations. This can help
reduce the number of contention events. Many tests have
shown the eflicacy of this effect in prior 802.11 standards.
For instance, 1n 802.11g, a given configuration can send 36
Mbps of data using 1500 Byte frames, but when the frame
length 1s reduced to 256 Bytes, throughput drops to 16
Mbps. It 1s important when conducting these tests to 1solate
other eflects such as the number of clients 1n the cell. With
MAC-layer aggregation, a station with a number of frames
to send can opt to combine them mto an aggregate frame
(MAC MPDU). The resulting frame contains less header
overhead than would be the case without aggregating, and
because fewer, larger frames are sent, the contention time on
the wireless medium 1s reduced. Two different mechanisms
are provided for aggregation, known as Aggregated MSDU
(A-MSDU) and Aggregated-MPDU (A-MPDU).

Another MAC layer enhancement 1s multiple traflic 1D
block acknowledgement (MTBA). Earlier 802.11 standards
demanded an ACK {rame for every unicast data frame
transmitted. The new block ACK feature allows a single
ACK frame to cover a range of recerved frames 400. MTBA
1s particularly useful for streaming video and other high-
speed transmissions; however, if a frame has not been
received, there will be a delay belfore a non-acknowledge 1s
received and re-transmission can be accomplished. This 1s
not often a problem with video, where re-transmission 1s
often not feasible, given the time constraints of the media,
but may be problematic for other applications.

The format of the Block ACK 1s a bit-map to acknowledge
cach outstanding frame: it 1s based on a mechanism origi-
nally defined in 802.11e. The bit-map i1dentifies specific
frames not received, allowing selective retransmission of
only those required.

Another MAC layer enhancement 1s reduced inter-frame
spacing (RIFS). When a station (client or AP) has a number
of frames to send sequentially, 1t must generally pause
between frames. These pauses constitute overhead for the
overall network. Prior to 802.11n, the pause between frames
transmitted by the same station was set at single inter-frame
spacing (SIFS). 802.11n defines a smaller spacing, called
reduced inter-frame spacing (RIFS). RIFS cannot be used
for the pause between frames transmitted by diflerent sta-
tions, and it can only be used when the station 1s transmitting,
in 802.11n HT (greenfield) mode. It accomplishes similar
goals to the MAC aggregation functions explained earlier,
but arguably with less implementation complexity. 802.11n
defines a RIFS interval as 2 usec, whereas SIFS 1s 16 usec.

A further MAC layer enhancement 1s spatial multiplexing
power save, or SM power save. The basic 802.11n power
save mode 1s based on the earlier 802.11 power save
function. In this mode, the client notifies the AP of its
power-save status (intention to sleep), then shuts down, only
waking for ad-hoc tratlic indication maps (ATIMs) broadcast
by the AP, while the AP bullers downlink trafiic for sleeping
stations between ATIMs. Power save in 802.11n 1s enhanced
for MIMO operatlon with SM power save mode. Since
MIMO requires maintaining several receiver chains pow-
ered-up, standby power draw for MIMO devices 1s likely to
be considerably higher than for earlier 802.11 equipment. A
new provision in 802.11n allows a MIMO client to power-
down all but one RF chain when in power save mode. When
a client 1s 1n the ‘dynamic’ SM power-save state, the AP
sends a wake-up frame, usually an RTS/CTS exchange, to
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give 1t time to activate the other antennas and RF chains. In
static mode, the client decides when to activate its full RF
chains, regardless of traflic status.

By placing mesh points strategically as “listeners™ and
collecting Recerved Signal Strength Indicator (RSSI) on the
4 available Receive chains 1n the QHS710, it 1s possible to
accurately predict the locations where there are high
throughput opportunities. The practical significance of this
discovery a-priori helps reduce presumptive disposition with
regard to available network bandwidth at a particular loca-
tion. It also improves customer acquisition success rate.
There may be other uses for this location precision where a
future MiF1 device can advertise 1tself to the network so that
location information can be harvested for retail or commer-
cial purposes. A site survey tool uses the (Quantenna
QHS710 as a signal analyzer which can detect not just the
strength of the signal at a given location but other informa-
tion such as interference profiles.

Once this signal mmformation 1s harvested, the signal
information can be uploaded to create a map file, such as a
Google earth file 600 (e.g., see FIG. 6), to visually convey
the mnformation. QHS710 APIs provide critical information
that can be programmatically extracted by client software
running on a laptop that can re-construct later a composite
network view. The tool may be used by a service provider,
such as an ISP, to determine the optimal placement of mesh
points 1n a residence to achieve best performance, estimate
performance of the signal at the curbside so that a determi-
nation whether an indoor or outdoor CPE 1s appropriate.
When there are MiF1 devices 1n the network, 1t 1s possible to
commercially exploit location information.

Referring to FIG. 5, a location estimator 3505 (also
referred to herein as a performance determination apparatus)
may use application programming interface (APIs) of the
QHS710 510 or other communications device to analyze a
signal received from one or more nodes 1 a mesh network
at a particular location, as described 1n further detail below.
The performance determination apparatus may be imple-
mented as software, firmware, and hardware on a laptop
computer. The performance determination may be distrib-
uted across multiple physical devices; for example, one
hardware component may include the Quantenna QHS710
for rece1ving the signals, another hardware component (such
as the laptop 515) may include soiftware for analyzing the
signal, and another hardware component (such as a global
positioning system (GPS) sensor 520) may be used to obtain
location i1nformation. Software and firmware to facilitate
signal analysis may be distributed across all of these hard-
ware components.

FIG. 7 illustrates one embodiment of a performance
determination apparatus 700. The performance determina-
tion apparatus 700 may, in one embodiment, be a mobile unit
that can be to test network performance at various locations.
In the example shown 1n FIG. 7, the performance determi-
nation apparatus 700 may be within range of a first node 702
and a second node 704 of a mesh network. The mesh
network may be deployed by an Internet service provider
(ISP) to provide Internet access to various subscribers. In
one embodiment, the mesh network 1s a wireless mesh
network. The performance determination apparatus 700 may
be used to estimate network coverage and network perfor-
mance at the location of the performance determination
apparatus 700.

In one embodiment, an ISP may situate the performance
determination apparatus 700 at a location associated with a
potential subscriber. The performance determination appa-
ratus 700 may be positioned 1nside or outside the residence
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of the potential subscriber. In other embodiments, the tech-
nician operating the performance determination apparatus
700 may test the performance of the network at various
positions at the potential subscriber’s location.

The signal receiver module 712 may be configured to
receive a signal under analysis. The signal recerver module
712 may include a Quantenna QHS710 communications
component; however, other communications components
may also be used. In certain embodiments, the signal
receiver module 712 includes multiple antennas coupled to
separate radio chains and 1s enable to receive and transmait

data using MIMO.

The location module 712 may be configured to determine
the location at which the signal receiver module 712
receives the signal under analysis. The location module 712
may, in one embodiment, include a GPS module for deter-
mimng the position. In one embodiment, the performance
determination apparatus 700 determines the location before
beginning the signal analysis operations described herein.

A signal analysis module 716 may be configured to
analysis the signal and to store data values relating to the
quality of that signal. The signal analysis module 716 may,
for example, determine and store the RSSI values associated
with receipt of the signal. The signal analysis module 716
may determine the signal-to-noise ratio associated with the
signal. The signal analysis module 716 may estimate the
bandwidth associated with the signal by, for example, down-
loading a test file. The signal analysis module 716 may test
the latency of the connection. The signal analysis module
716 may also be configured to determine an interference
profile for the signal. Other analysis may also be used in
addition to, or instead of, those described above.

In the embodiment shown 1 FIG. 7, the performance
determination apparatus 700 may be able to connect to more
than one node at a particular location. In the embodiment
shown, the performance determination apparatus 700 may
be able to connect to the first node 702 and the second node
704 of the mesh network. The performance determination
apparatus 700 may perform separate tests on the signal
received from each node and store information related to
both signals. The performance determination apparatus 700
may also determine which connection oflers better perior-
mance at the particular location.

The performance determination apparatus 700 may also
include a report module 718 confirmed to report the data
values that result from the analysis 1n human-readable form.
The report module 718 may report those data values relating
to the quality of the signal. In one embodiment, the report
module 718 graphically represents the quality of the signal
under analysis on a map. The map 600 shown in FIG. 6 1s
an example of one possible output of the report module 718.

The performance determination apparatus 700 may also
include a placement module 720. At a particular location
(such as a subscriber’s residence), there may be multiple
possible placement sites. The placement module 720 may be
configured to recommend a particular place on the location
for placement of customer-premises equipment (CPE) for
CPE associated with the mesh network. For example, the
placement module 720 may recommend 1nstallation of CPE
components outside the residence.

The placement module 720 may be further configured to
recommend placement of additional nodes 1n the mesh
network based on the signal analysis. In such an embodi-
ment, the placement module 720 may have the data from the
signal analysis of multiple locations, allowing the placement
module 720 to determine which locations that consistently
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have poor signal quality and that may benefit from the
placement of an additional mesh network node.

In certain embodiments, the nodes 1n the wireless mesh
system may have components to aid in signal analysis at
particular locations. For example, a test module on the first
node 702 may be configured to send predetermined test data
to facilitate signal analysis. The test module may cause the
first node 702 to send a first test data package using multiple
streams, then a single stream. The test component may cause
the first node 702 to use beamiorming techniques (such as
those discussed above) to direct the signal towards the
performance determination apparatus 700. The test compo-
nent may further generate test data describing performance
of the signals sent by the performance determination appa-
ratus 700 to the first node 702. The performance determi-
nation apparatus 700 may also be configured to vary char-
acteristics of the transmitted data (using multiple, separate
MIMO streams, a combined MIMO stream, beamforming,
etc) 1 order to determine the ability of a device to transmit
information at the location of the performance determination
apparatus 700.

In such embodiments, the performance determination
apparatus 700 may share information with the node gener-
ating the signal being tested. For example, the performance
determination apparatus 700 may transmait the location infor-
mation for the performance determination apparatus 700 to
the first node 702 to allow the first node 702 to attempt
various optimization steps for transmitting data to the per-
formance determination apparatus 700.

FIG. 8 illustrates one embodiment of a method 800 for
providing Internet access. The method 800 may mvolve, at
reference numeral 802, identifying a potential subscriber of
a wireless ISP providing Internet access in the area of the
potential subscriber. The potential subscriber may be an
individual or business who has contacted the ISP and
requested signal analysis. The potential subscriber may be
an individual or business to whom the ISP would like to
provide Internet access.

The method 800 may also involve, at reference numeral
804, recerving a wireless signal from the ISP’s network at
the location of the potential subscriber. The ISP’s network
may implement a wireless mesh network. This step may
turther involve connecting a test device (such as the perfor-
mance determination apparatus 700) to the ISP’s network. In
certain embodiments, the step may also involve indicating to
one or more devices 1n the ISP’s network generating the
signal that a technician 1s performing a signal analysis. The
one or more devices may take specific steps (such as those
described above) to help with signal analysis and to provide
the technician with a more accurate view of signal quality at
the location.

The method 800 may further involve, at reference
numeral 806, analyzing the wireless signal at the location.
The analysis may take place at multiple positions at the
potential subscriber’s location; for example, a first test may
be done outside the home, and a second test may be done
inside the home. As noted above, this step may nvolve
collecting RSSI information from one or more receive
chains of a receiver used to analyze the wireless signal.

The method 800 may also involve, at reference numeral
808, estimating the bandwidth available at the location from
the ISP’s network. As noted above, other performance
factors (such as latency, error rate, etc) may also be evalu-
ated and be part of the signal analysis process.

The method 800 may involve identifying sources of
interference. In certain embodiments, this identification may
be based on data derived from the signal analysis and also
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from wvisual inspection of the location. For example, a
technician may notice heavy foliage that may be causing
interference. The technician may note that there 1s heavy
rain during the testing that may ailect the quality of the
signal. The technician may also note the presence of power
lines or other possible sources of interference that may
degrade the quality of the signal. In certain embodiments,
the technician may be able to 1dentily one or more actions
for reducing the level of interference.

The signal analysis information may also be useful in
determining how to price the service oflered to the potential
subscriber. In one embodiment, the method 800 may involve
comparing the estimated bandwidth using the ISP’s network
at the particular location with an estimate of the competing
bandwidth available from one or more competing ISPs at the
location. For example, a sales representative may have an
estimate of the bandwidth and network performance of a
cable connection or DSL connection at the location. In one
embodiment, the sales representative may ask permission to
test the potential subscriber’s current Internet connection.

The method 800 may also mvolve 1dentifying a price per
bandwidth unit at the location from the competing ISPs. For
example, the sales representative may estimate the cost per
Mbps paid by the potential subscriber for the Internet access
from a competing ISP. The sales representative may then
offer Internet access from the wireless ISP at a price per
bandwidth unit that 1s the same as, or lower than, that of the
competing ISPs. In this manner, the sales representative may
be able to increase the odds of making a sale by providing
the potential subscriber with evidence of how the wireless
ISP can provide Internet access at a competitive rate.

In certain embodiments, the sales representative and/or
the performance determination apparatus 700 may deter-
mine other factors that may aflect price at the location. For
example, the performance determination apparatus 700 may
determine that the potential subscriber’s location 1s 1deal for
placement of another node 1n the mesh network. In light of
this information, the sales representative may offer a further
discount 1n exchange for allowing the wireless ISP to install
a node at the potential subscriber’s location.

Although the foregoing description contains many spe-
cifics, these should not be construed as limiting the scope of
the present 1nvention, but merely as providing illustrations
of some of the presently preferred embodiments. The
examples given in the application are by way of illustration,
and are non-limiting examples. Similarly, other embodi-
ments of the invention may be devised which do not depart
from the spirit or scope of the present mvention. Features
from different embodiments may be employed in combina-
tion. The scope of the invention 1s, therefore, indicated and
limited only by the appended claims and their legal equiva-
lents, rather than by the foregoing description. All additions,
deletions and modifications to the invention as disclosed
herein which fall within the meaning and scope of the claims
are to be embraced thereby. The appended claims are not
means-plus-function claims as set forth 1n 35 U.S.C. § 112,
sixth paragraph, unless the particular claim uses the phrase
“means for.” While the foregoing disclosure sets forth
various embodiments using specific block diagrams, tlow-
charts, and examples, each block diagram component, flow-
chart step, operation, and/or component described and/or
illustrated herein may be implemented, individually and/or
collectively, using a wide range of hardware, software, or
firmware (or any combination thereol) configurations. In
addition, any disclosure of components contained within
other components should be considered exemplary 1n nature
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since many other architectures can be implemented to
achieve the same functionality.

The process parameters and sequence of steps described
and/or 1llustrated herein are given by way of example only
and can be varied as desired. For example, while the steps
illustrated and/or described herein may be shown or dis-
cussed 1n a particular order, these steps do not necessarily
need to be performed in the order illustrated or discussed.
The various exemplary methods described and/or 1llustrated
herein may also omit one or more of the steps described or
illustrated herein or include additional steps in addition to
those disclosed.

Furthermore, while wvarious embodiments have been
described and/or illustrated herein in the context of fully
functional computing systems, one or more of these exem-
plary embodiments may be distributed as a program product
in a variety of forms, regardless of the particular type of
computer-readable media used to actually carry out the
distribution. The embodiments disclosed herein may also be
implemented using software modules that perform certain
tasks. These software modules may include script, batch, or
other executable files that may be stored on a computer-
readable storage medium or 1n a computing system. In some
embodiments, these solftware modules may configure a
computing system to perform one or more of the exemplary
embodiments disclosed herein.

The foregoing description, for purpose of explanation, has
been described with reference to specific embodiments.
However, the 1llustrative discussions above are not intended
to be exhaustive or to limit the systems and methods to the
precise forms disclosed. Many modifications and variations
are possible 1n view of the above teachings. The embodi-
ments were chosen and described 1n order to best explain the
principles of the present systems and methods and their
practical applications, to thereby enable others skilled 1n the
art to best utilize the present systems and methods and
various embodiments with various modifications as may be
suited to the particular use contemplated.

Unless otherwise noted, the terms “a’” or “an,” as used 1n
the specification and claims, are to be construed as meaning
“at least one of.” In addition, for ease of use, the words
“including”™ and “having,” as used in the specification and
claims, are interchangeable with and have the same meaning
as the word “comprising.” In addition, the term “based on”
as used 1n the specification and the claims 1s to be construed
as meaning “based at least upon.”

What 1s claimed 1s:

1. A method comprising:

identifying a plurality of locations to use for a test

procedure;

recerving, at each of the plurality of locations and from a

first node of a network, a multiple input multiple output
(MIMO) signal that includes test data, each MIMO
signal having at least four streams where each stream
has at least one characteristic different from another
stream ol the MIMO signal;

determiming a signal quality parameter of each MIMO

signal at the plurality of locations based at least in part
on receiving the MIMO signals at the plurality of
locations that include the test data; and

identifying a placement site to position an additional node

of the network based at least in part on the signal
quality parameters of the MIMO signals received at the
plurality of locations.

2. The method of claim 1, further comprising:

recerving a single stream signal that includes the test data,

wherein determining the signal quality parameter of
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cach MIMO signal 1s based at least 1n part on receiving
the single stream signal that includes the test data.

3. The method of claim 1, further comprising;:

determining a location of a signal receiver when the signal
receiver receives the MIMO signal, wherein 1dentifying
the placement site to position the additional node 1s
based at least in part on determining the location.

4. The method of claim 1, further comprising:

determining a signal quality value for each stream of the
MIMO signal, wherein determiming the signal quality
parameter of the MIMO signal 1s based at least in part
on determining the signal quality value for each stream
of the MIMO signal.

5. The method of claim 1, turther comprising;:

estimating a bandwidth of each MIMO signal received at
the plurality of locations, wherein 1dentifying the place-
ment site to position the additional node 1s based at

least 1n part on estimating the bandwidth of each
MIMO signal.

6. The method of claim 1, further comprising:

determining a received signal strength indicator (RSSI)

for at least one MIMO signal using one or more receive
chains of a signal receirver, wherein determiming the
signal quality parameters 1s based at least 1n part on
determining the RSSI.

7. The method of claim 1, further comprising:

identifying one or more sources of interference at one

location of the plurality of locations using the MIMO
signal, wherein 1dentifying the placement site to posi-
tion the additional node 1s based at least in part on
identifying the one or more sources of 1nterference.

8. The method of claim 1, further comprising;:

determining an interference profile for each MIMO signal

received at the plurality of locations, wherein 1dentify-
ing the placement site to position the additional node 1s
based at least 1n part on determining the interference
profile for each MIMO signal.

9. The method of claim 1, further comprising;:

generating a graphical representation of a quality of the

MIMO signals.

10. The method of claim 1, wherein the network 1s a mesh
network and the first node 1s a transceiver node of the mesh
network.

11. The method of claim 1, wherein the MIMO signal 1s
received using a signal receiver having a plurality of anten-
nas.

12. The method of claim 1, wherein the plurality of
locations are a plurality of global positioning system (GPS)
locations.

13. An apparatus, comprising;

a Processor;

memory in electronic communication with the processor;

and

instructions stored in the memory and executable by the

processor to cause the apparatus to:

identify a plurality of locations for a test procedure;

receive, at each of the plurality of locations and from a
first node of a network, a multiple mput multiple
output (MIMO) si1gnal that includes test data, each
MIMO signal having at least four streams where
cach stream has at least one characteristic different
from another stream of the MIMO signal;

determine a signal quality parameter of each MIMO
signal at the plurality of locations based at least in
part on receiving the MIMO signals at the plurality
of locations that include the test data; and
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identily a placement site to position an additional node
of the network based at least in part on the signal
quality parameters of the MIMO signals received at
the plurality of locations.

14. The apparatus of claim 13, wherein the instructions
are Iurther executable by the processor to cause the appa-
ratus to:

receive a single stream signal that includes the test data,

wherein determining the signal quality parameter of
cach MIMO signal is based at least 1n part on receiving
the single stream signal that includes the test data.

15. The apparatus of claim 13, wherein the instructions
are further executable by the processor to cause the appa-
ratus to:

determine a location of a signal receiver when the signal

receiver recerves the MIMO signal, wherein identifying
the placement site to position the additional node 1s
based at least in part on determining the location.

16. The apparatus of claim 13, wherein the instructions
are further executable by the processor to cause the appa-
ratus to:

determine a signal quality value for each stream of the

MIMO signal, wherein determining the signal quality
parameter of the MIMO signal 1s based at least in part
on determiming the signal quality value for each stream
of the MIMO signal.

17. The apparatus of claim 13, wherein the instructions
are further executable by the processor to cause the appa-
ratus to:

estimate a bandwidth of each MIMO signal received at

the plurality of locations, wherein 1dentitying the place-
ment site to position the additional node 1s based at
least 1n part on estimating the bandwidth of each
MIMO signal.

18. The apparatus of claim 13, wherein the instructions
are Iurther executable by the processor to cause the appa-
ratus to:

determine a recerved signal strength indicator (RSSI) for

at least one MIMO signal using one or more receive
chains of a signal receiver, wherein determining the
signal quality parameters 1s based at least 1n part on
determining the RSSI.

19. The apparatus of claim 13, wherein the instructions
are Turther executable by the processor to cause the appa-
ratus to:

determine an interference profile for each MIMO signal

received at the plurality of locations, wherein 1dentify-
ing the placement site to position the additional node 1s
based at least in part on determining the interference
profile for each MIMO signal.

20. A non-transitory computer-readable medium storing
code, the code comprising instructions executable by a
processor to:

identily a plurality of locations for a test procedure;

receive, at each of the plurality of locations and from a

first node of a network, a multiple input multiple output
(MIMO) signal that includes test data, each MIMO
signal having at least four streams where each stream
has at least one characteristic different from another
stream of the MIMO signal;

IMO

determine a signal quality parameter of each MI
signal at the plurality of locations based at least 1n part
on receiving the MIMO signals at the plurality of
locations that include the test data; and
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identify a placement site to position an additional node of
the network based at least 1n part on the signal quality
parameters of the MIMO signals received at the plu-
rality of locations.
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